Introduction
Crystalline acetylene-d2 is known to undergo a solid-solid phase transition1*2 at Ttr = 138... 149 °K. From thermal neutron powder diffraction studies at 4.2 °K 3-4, 77 °K 5 and 109 °K 6 the low temperature structure can unambiguously be attached to the D^A ca m ) space group since no further phase transi tions are observed at temperatures1-2 above 109 °K and below Ttr-W ith the view of the isomorphism observed for solid C2H 2 and C2D 2 in spectroscopic investigations in the infrared and far-infrared regions2-7-10 and in Raman studies11-12 some conclusions may be drawn with certainty: i) Both substances belong to the D^ space group, Acam (8f ) special point group. In the crystallographic unit cell there are 4 molecules, in the spectroscopic primitive unit cell 2 molecules at sites of C2h symmetry.
ii) The C2-axis at the site is perpendicular to the molecular axis.
iii) The molecules are lying in planes parallel to the crystallographic (001) plane in layers c/2 apart.
In this structure a prediction for the lattice vibrations gives four Raman-active rotational11-12 and three translational10*11 modes with two of them infrared active. Recently, studies on the lattice parameter variation with temperature13 resulted Requests for reprints should be sent to Dr The theoretical result for the vibration mode along c-axis could not be tested since the translational lattice mode A u is inactive both in infrared and Raman spectra.
The relatively high values of the refined aniso tropic thermal parameters4-6 indicate considerable thermal motion of the atoms even at liquid helium temperature. A reasonable estimate for the magni tude of the vibrational amplitudes in the lattice regions may be obtained if the atomic thermal motions are succesfully14 interpreted as rigid-body translational and librational motions. In this work the refined anisotropic thermal parameters4-6 are analyzed on the basis of the rigid-body linear C2D 2 molecular model and the derived mean square amplitudes for the translational and average torsional vibrations reported.
Calculations

A
The mean square displacement u2 of the thermal motion o f an atom14 in the direction given by the unit vector 1 = ( l x, 1 2, 13) and by the components Uij of a symmetrical tensor of second rank is
l l
It is usually assumed that the axes defined either by the molecule or the crystal axes are orthogonal. The transformations between the molecular-tensor arrangement and the one defined by the crystalsetting are given by C rttic k s h a n k 14. In this paper the directions o f the thermal motions are referred to directions along the three crystal axes. In Fig. 1 i * I a a n Fig. 1 . The asymmetric unit of the orthorhombic unit cell o f acetylene-d2. Big circles = carbon, small circles = deuterium atoms; bonds with solid lines are in the plane of figure, molecules with dashed bonds are at z = V2.
the asymmetric unit o f the orthorhombic structure of acetylene-d2 is drawn. The angle 0 derived from the positional parameters at three temperatures is given in Table I i) The components of the symmetrical tensor (Table I) iii) The apparent shortening of the bond lengths15 is corrected with respect to the equilibrium direction. The contribution of the shortening to the vibration tensor is presumed to be negligible.
The mean square amplitudes of the simplified internal17 stretching modes in the gas phase are given at the bottom o f Table I . The C = C internal vibration is nearly negligible compared with the estimated errors in the tensor components, whereas the contribution of the molecular DCCD stretching appears to be significant. The rigid-body tensor components are obtained by subtracting the pro jection of the mean square amplitude U(kk) from the appropriate uncorrected tensor component Uij(k). In the first-order approximation the mean square displacement components for the corrected values along the three crystal axes are written
where ti (i = 1,3) are the translational amplitudes along the crystal edges, <p (in-plane)-and y (out Table I . Components of the symmetrical tensor, Uij = Bij/8712, in (A 2) and multiplied by 104; the angle 0 be tween molecular and the crystal 6-axes; contributions from internal stretchings in (A 2) and multiplied by 104. Uij (9) 109 (9) 279 (25) 241(25) U 22(C) 95 (11) 77 (11) 152 (25) 51(25) U 33 (C) 74 (9) 82 (9) 304 (13) 431 (13) 
365 (17) 402 (15) 849 (51) 646(38) u 22(D) 284 (15) 253 (13) 481(38) 519(38) u 33 (D) 281 (10) 275 ( Table II .
Lattice Modes
The crystallographic unit cell of C2D 2 contains four molecules. To calculate the mean square amplitudes of the translational vibrations in the dimolecular model18-19 the actual unit cell is presumed to consist of three subcells each containing two acetylene-d2 molecules. A particular subcell i [i = 1(a), 2(b), 3(c)] is thought to have rigid-body vibrations in the acoustical and optical branch with respect to one crystal axis alone. Hence in the lattice model19 the variations of translational and librational20 squared amplitudes are written
The standard notations18-20 have their usual meaning, t i>a= r . m. s. translational amplitude due to the acoustic branches along axis i, £k = r . m. s. librational amplitude (k = (p ,ip ), J = moment of inertia, M = molecular mass, B j = h ( 87r2nJ)-1.
The contribution from vibrations in the optic branches18 (Eq. (4)) to the translational amplitudes is arbitrarily taken into account here by assuming 0i(O °K, optic) « 2 0i (0 °K, acoustic). The relatively scanty amount o f data collected by means of the neutron powder diffraction studies4-6-13 and spectro scopic methods7-10 is hardly improved by a more definite correction. In the first-order approximation the observed translational amplitudes at 4.2 °K (Table I I 
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shown. In the rigid-body molecular model the intensity ratios11-21 of the four lattice vibrations are given as 
with abbreviations a = (av-aw)2, b = (av-au)2; av, au, aw = molecular polarizabilities with respect to the Cartesian coordinates U, V and W. In the gas phase aw = au, but in solid C2D 2 they are expected to differ due to the relation between the thermal expansion13 o f the axes and the anisotropy of the crystal field. 
for k = 99, j = (Ag, B3g).
The apparent single-mode value Vk is associated with the derived amplitude o f k from neutron diffraction data. For Vk it is then valid 2 v ; ' = s k 2B ;' = i ;^, The halfwidth of the y>-peak, 6 cm-1, is relatively broad compared to the widths of the (p-components, 1 .5 to 2 cm-1. This may be caused by two very near singlets forming the composite peak. The crystal aand 6-axes are roughly equal3-6 and the molecule is lying nearly along the diagonal of the (001) plane. Hence, the differences between the changes of the interatomic distances in the Big and Bog modes are relatively small and the frequencies should be of the same magnitude. I t has to be taken into account that the ^-components cause changes in the fairly short3 non-bonded D ...D distance, 2.95(2) Ä at 4.2 °K, between nearest deuterium atoms in adjacent planes c/2 apart. As a result the intermolecular forces between two planes might be higher than the forces inside the layer-plane, and one would expect for higher frequencies and smaller amplitudes in the ^-modes. In Table I I I the assignment of the Ramanactive rotational lattice modes (this work), the observed frequencies and intensities, the calculated intensity ratios (Eq. (7)) and oj^'s (Eq^ (5)) along with the squared angular amplitudes (p%hs and ^Qbs (Table I I ) are given. The intensity ratios based on the assumption of additive polarizabilities11 and the interpretation of the observed bands are hardly compatible. The total intensity of the B ig + B2g modes may be adjusted to the theoretical scale by assuming 2(av-au) » (av-aw). The ratio 25:1 between the observed and calculated intensities of Table I I I . The assignement o f the rotational lattice modes (this work), the observed frequencies (in cm-1), the experimental and calculated intensity ratios (I(A g) = 100) and the observed (neutron data) and the theoretical (Eq. (5)) values calculated for the spectroscopic frequencies. the B3g arbitrarily assigned to the vibration at about 71 cm-1 is in serious disagreement. A t the time being, however, the author prefers the lattice vibration model with high-frequency ^-components along the crystal c-axis since a conclusive inter pretation11,12 of the observed bands seems not to be available. The discrepancy of the Bßg band is thought to result due to the considerable interaction of the molecules in adjacent layer-planes. In Table IV and Fig. 3 and librational squared amplitudes from Eqs (5-6) are tabulated. The temperature variation of the Raman-active frequencies is estimated on the basis of the reported8,11-12 values scaled by the average experimental ratio v n : v n^ 1.157 on isotopic sub stitution o f hydrogen by deuterium. The calculated angular squared amplitudes were derived by assum ing no upper limits for the 99 and ip librations. In the actual vibrations, however, it might be possible that the amplitude <p o f the in-plane rotational vibrations is restricted below some value ^max connected to the force field of the crystal. When reaching the state where < />« £max one might assume that any increase in the angular amplitude will be fed into the off-plane ip librations. This might explain the perhaps significant difference between the observed and calculated amplitudes at 109 °K.
The difference between the translational squared amplitudes in Tabels I I and IV might be significant for the quantity t| along the crystal c-axis. Other possible explanations apart from the ^/^-interaction for the discrepancy are i) contributions from the vibrations in the optic18 branch are stronger than the values set by the crude estimate and ii) the characteristic temperature d3 is decreasing consid erably faster than presumed13 earlier. Both the translational and librational lattice vibrations along the c-edge are influenced by a probably very rapidly decreasing force field with increasing temperature. As a result the lattice parameter c and the r.m. s. amplitudes would increase as functions of tem perature. The t\ value at 109 °K, -2(7) • 10" 3 Ä 2, is probably due to all inaccuracies of the model, experimental errors and the fact that in the trans lational amplitudes (Eq. (3 a)) errors are cumulating.
A possible model for the solid-solid phase transi tion may be obtained by assuming the transition to pass through an apparent orthorhombic structure similar to the space group (Pcab, No. 61): Acam (low phase)3-6 -> Pcab* (apparent) -► P a 3 (high phase)*. The apparent structure may be generated from the stable low temperature Acam arrangement * Investigations on cubic phase are referred in several references, e.g. 1_3> 713. by rotating the C2D 2 molecules off the (OOl)-type layer planes. A graphical representation of the tilting is similar to the one obtained by a static situation with " frozen" B2g lattice vibrations simultaneously in two adjacent layers with opposite amplitudes for the two molecules related by the b-glide operation. I f there is a tendency to form the apparent Pcab system then one might expect the B2g mode to be predominant at the expense of the Big vibration. A t the time being, however, full-scale X-ray or neutron diffraction structure determina tions and Raman studies of the lattice vibrations at temperatures between 120 °K -T tr seem not to be available. Nevertheless, the drastic changes in the thermal neutron powder patterns1 and in the infrared spectra2 when passing over the transition point indicate that even if the hypothetical Pcab structure exists, it would be unstable. As a theo retical model, however, it is adequate since the high phase Pa 3 may be generated from the Pcab arrangement simply by shrinking13 the orthorhombic a-axis and expanding the b-and c-edges.
Correction of the Apparent Shortening of the Bond Lengths
An apparent shortening15 o f the bond lengths and the molecular dimension is expected as a result of the relatively large librational amplitudes of the molecules in the crystal. The value for the apparent shortening A L of inter-atomic distances is calculated using the expression22
k=l where L is the appropriate noncorrected inter atomic distance derived from crystal structure analysis, $k is the angle between the equilibrium orientation of the molecule and the kth (k = cp, ip) principal axis of libration. For C2D 2 the angles <?k = 9 0° and Eq. (10) The results are given in Table V . No significant temperature variation was found. An interesting point is the smaller value o f the C-D bond in the gas phase compared with the one in the condensed phase. This might be attributed to the relative weakening of the C-D bond due to the intermolecular forces in the crystal. Discussion I t has been shown in this work that in the rigidbody molecular model the thermal parameters derived from neutron powder diffraction data are relatively easily described in terms of the trans lational and librational vibrations of the molecule. Ambiguities were experienced, however, when assigning the observed amplitudes with the allowed Raman-active modes and with the assumed fre quency of the completely inactive translational A u vibration. Some likely reasons for the discrepancies were given, but a firm conclusion cannot be made due to the lack of necessary information. Table V . The observed C = C and C-D bond lengths and the molecular dimension DC = CD, the correction of the apparent bond shortening and the corrected appropriate quanties, all in (A), at three temperatures. 
